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Abstract
The Mississippian formation of Oklahoma and Kansas has recently developed as a world
class unconventional reservoir with wells producing up to 800 bbl/day. The Mississippian is
composed of multiple distinct lithologic zones including limestone, hard chert, and soft tripolitic
chert. These zones are difficult to discern with traditional log correlation, but mechanical
stratigraphy has the potential to improve previous correlations of the Mississippian.
This study uses full wave sonic logs from Osage County, OK to analyze the elastic properties of
the Mississippian. Our work computes isotropic elastic parameters in an effort to partition the
Mississippian section into units that may be correlated between wells. Raw material for this
study consists of P-sonic, S-sonic, and density logs in two wells. From sonic log data we
compute metric P- and S-wave velocities, then calculate the two independent isotropic elastic
parameters (Lame's constant and shear modulus) at every log depth through the Miss and a short
section above and below. Young's modulus, a key parameter related to brittleness and fracability,
is shown to vary vertically and laterally in the Mississippian. Through our work to separate the
Mississippian into multiple distinguishable units, we may be able to better correlate logs in this
area as a guide for oil exploration mapping and completion.
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1. Introduction

The Mississippian section of Osage County, Oklahoma has been a major petroleum
producer for over one hundred years. Historically, the largest producing interval has been the
highly porous unit in the upper portion of the section, known as the Chat (Rogers, 2001). The
term Chat refers to the altered section toward the top of the Mississippian section that can be any
variety of chert breccia, regolith facies, or tripolitic chert developed toward the top of this section
(Manger, 2014). Other intervals within the Mississippian, informally called the Dense Lime,
were known to contain oil; however these intervals consisted of tight limestone and chert with
too little porosity to be developed as a conventional reservoir. The last several years have seen a
resurgence of interest in the Mississippian play in Osage County, largely due to the advent of
horizontal drilling and hydraulic stimulation techniques (Dowdell, 2012). These techniques have
facilitated a dramatic increase in production from non-Chat intervals, thus creating a need to
better understand the Dense Lime interval of the Mississippian. This reservoir is heterogeneous
and difficult to interpret using standard geological techniques. Dipole sonic log data may be
useful to discriminate mechanically distinct intervals through a section otherwise difficult to
differentiate.

Rock mechanics derived from sonic data could be a powerful tool for the

description of zones within the Mississippian section.
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2. Geologic Setting and Site Information
2.1 Site Background
Osage County is located on the Cherokee platform in northeastern Oklahoma, a region of
subtle structure influenced by the Nemaha uplift to the west and the Ozark uplift to the east
(Johnson, 2008). Although Osage County has been the subject of conventional hydrocarbon
exploration and production for over one hundred years (Bass, 1940), it has recently seen a
resurgence of interest as an unconventional reservoir. This interest is driven by rising oil prices,
enabling technologies such as horizontal drilling, hydraulic stimulation, 3D seismic surveys, and
dipole sonic logs, all of which can be important when characterizing an unconventional
reservoir. The four wells included in this study contain dipole sonic logs and are located on the
Cherokee platform in Osage county, OK and Chautauqua county, KS as shown in Figure 1 and
specified in Table 1.
Well Name
Shaw 1A-8
Gray #2H-13
Massey_2A_18_34_9
Lampson_2A_23_32_9

Well ID (API) Year Total Depth Logged Interval (ft)
Unknown
2009
3327
145-3327
35-113-43920-0000
2011
3365
2380-3353
15-019-27276
2012
3500
1500-3500
15-019-27282
2013
3066.5
600-3010

Table 1: Digital well log data used in the present study
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Lat
36.823000
36.904500
37.084873
37.257999

Long
-96.563300
-96.717100
-96.464638
-96.382225
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Figure 1: Oklahoma and Kansas maps with Osage and Chautauqua Counties highlighted (red), and Google Earth image of Osage
County showing location of Spyglass Shaw 1A-8 well (yellow), Lawco Gray#2-13H, and Nemaha wells, Massey 2A-18-34-9 and
Lampson 2A-23-32-9.

2.2 Geologic Setting
In the early Mississippian, Oklahoma and Kansas were on a carbonate platform in a
warm, shallow sea at approximately 20 degrees south latitude (Watney, 2001). Figure 2 is an
image modified from Blakey (2013), showing the study area during the early Mississippian
period, when the section underwent carbonate deposition. Proximity of the study area to the
deep water shelf explains why much of the Mississippian section exhibits debris flow features
(Manger, 2014). Proximity to the volcanic arc to the south provides a source for the silica in
chert composing a large portion of the section (Watney, 2001). Osage County, in particular, was
located on the Cherokee platform, an area of subtle structure, influenced by the previously
existing Ozark uplift to the East and the Nemaha uplift to the West, which was active in the late
Mississippian and early Pennsylvanian (Johnson, 2008).

4

Figure 2: Paleogeographic map of early Mississippian period showing the study area in the
region of Osage county, Oklahoma and Chautauqua County, Kansas located on the Cherokee
carbonate platform (modified from Blakey, 2013).
2.3 Stratigraphic Section
There are several stratigraphic columns in circulation for the Mississippian. Figure 3
shows the stratigraphic columns commonly used for outcrop studies of the Mississippian section
(Manger and Thompson, 1982). This study will follow, and attempt to provide new divisions
for, the most current stratigraphic column being developed at the University of Arkansas for the
5

Ozarks (Figure 4) and Osage County, Oklahoma (Figure 5). Generally, the Mississippian section
is characterized by simple divisions; the “Chat” section, the “Dense Lime,” and the St. Joe
formation. The Chat typically develops at or near the top of the section, while the St. Joe
composes the base of the section, where it is present. Often the remainder of the Mississippian
section, between the Chat and the St. Joe, is referred to as Dense Lime. This study will propose
new divisions to be added to the stratigraphic section based on, among other aspects, zones
identified as being mechanically relevant.

Figure 3: Stratigraphic divisions recognized for the lower Mississippian outcrops for northeast
Oklahoma, southwest Missouri, and northwest Arkansas (modified from Manger and Thompson
1982).
6

Figure 4: Stratigraphic column for the Ozarks of Northwest Arkansas showing interval of
interest (red box) (Liner et al., 2014).
7

Figure 5: Stratigraphic column for Osage County, Oklahoma showing zone of interest (red box)
(Liner et al., 2014).
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2.4 Structure
Osage County, Oklahoma is located on the Cherokee platform, which is a low relief
geologic province bordered by high relief structural features (Figure 6) (Johnson, 2008). Along
an east to west transect, the platform is bordered by the Ozark Uplift and the Nemaha Uplift,
respectively (Figure 7).

Along a northeast-southwest transect (Figure 8), the platform is

bordered by the Ozark Uplift and the Anadarko basin, respectively. A north-south transect
(Figure 9) shows the Arbuckle Mountains as its southern border but shows no northern border,
implying its extension northward into Kansas. The structure seen in Osage County is gentle and
mildly influenced by the nearby Nemaha uplift to the West. The Mississippian section in Osage
County gradually dips to the South and the West, with little interruption. There are many small
scale, low relief structural features, including anticlines, domes, and basins, though the majority
are located in the Eastern half of the County (Bass, 1940). In the western half of Osage County,
there is little structure or faulting to form traps. Therefore stratigraphic pinch outs are the
primary petroleum traps occurring in this area.
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Figure 6: A map of the various structural provinces of Oklahoma, with the study area located with a red dot on the Cherokee Platform
(Johnson, 2008).
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Figure 7: A structural cross section segment, along transect A-A’, paralleling the border of Oklahoma and Kansas. The cross section
shows the gradual dip of the Cherokee platform to the west and marks its boundaries as the Ozark Uplift in the east and the Nemaha
Uplift in the west (modified from Johnson, 2008).
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Figure 8: A structural cross section along transect B-B’. The cross section shows the gradual dip of the Cherokee Platform to the
southeast and marks its boundaries as the Ozark Uplift in the east and the Anadarko basin in the southwest (modified from Johnson,
2008).

13
Figure 9: A structural cross section along transect D-D’. The cross section shows the gradual dip of the Cherokee Platform to the
south toward its southern boundary, the Arbuckle Mountains. There is no northern boundary defined, suggesting that the platform
may well continue into Kansas (modified from Johnson, 2008).

3. Purpose and Scope
The complexity of shelf margin carbonates, combined with inconsistent nomenclature for
individual units within the Mississippian, makes it a difficult system to understand with
conventional tools. As lithology and nomenclature are subject to change in this play, it becomes
relevant to increase understanding of different rock attributes through the Mississippian.
Therefore, the hypothesis of this study is that the Mississippian section can be subdivided based
on mechanical rock properties. Dipole sonic logs in Osage County, Oklahoma and Chautauqua
County, Kansas were used to derive multiple mechanical parameters, including Lamé, Shear
modulus, Young’s modulus, and Brittleness. The results from this study will serve to provide
relevant divisions of the Mississippian section based upon the attributes derived from dipole
sonic data. This study will then attempt, if possible, to correlate mechanical zones between wells
in the study area.
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4. Previous Investigations
The Mississippian section has been an interval of great interest for close to one hundred
years. Tarr (1926) conducted early studies on the Tripolite intervals, concluding that Tripolite is
the result of incomplete limestone replacement. Bass (1940) released a comprehensive report
outlining the entire sedimentary section of Osage County, Oklahoma, with a special interest on
the oil producing units of the time. McKnight and Fischer (1970) published an extensive study
through the Department of the Interior, detailing Lead and Zinc production from the Picher
mining district, located in the tri-state mining area. Their report described the Mississippian
section in great detail, including the Tripolite and the Chat intervals which were referred by the
miners as “cotton rock” and “head cheese breccia,” respectively. A theory of chert origin and
formation processes in carbonates can be found in Knauth (1979). The aforementioned Chat was
described in detail by Rogers (2001), who suggested possible formation processes and related
them to producing Chat fields. McKnight and Fischer (1970) suggest that the silica source for
the Mississippian cherts could be volcanic in origin and Watney (2001) shows that the Chat is
generally formed in discontinuous pod-like structures with little possibility of correlation
between the Mississippian deposits located on the carbonate platform and on the shelf. A rock
mechanics model was presented by Goodway et al. (2007), showing how to create a brittleness
index using Lame and Shear modulus, the two independent isotropic elastic rock parameters.
Rickman et al. (2008) compute Brittleness from Young’s modulus and Poisson’s ratio, two
important rock mechanics parameters. Sharma and Chopra (2012) suggested that an additional
attribute for Brittleness could be obtained by directly combining Young’s modulus with density.
In his field trip guide, Brahana (2013) outlined the placement and importance of regional aquifer
15

systems, with relation to the alteration of Mississippian limestone and cherts. (Mylroie and
Carew, 1990) outlined the formation processes for flank margin cave systems.

The

autobrecciated facies occurring as Chat in the Mississippian may be related to collapse of
regional flank margin cave systems. Minor (2013) conducted a Scanning Electron Microscope
(SEM) study of several Tripolite intervals, concluding that it is the product of incomplete chert
replacement of limestone and subsequent leaching.

Furthermore, Minor concluded that

formation of Tripolite is only possible in units equivalent to the upper Boone, where the chert is
known to be a replacement feature. In a detailed document describing the Mississippian section
as it occurs along its outcrop belt, Manger (2014) outlined the Mississippian section and
provided theories on deposition and alteration of the chert.
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5. The Mississippian Section in Osage County, OK

5.1 St. Joe Formation
The generalized stratigraphic sequence for the Mississippian section begins with its basal
unit, the St. Joe Formation. The St. Joe is Kinderhookian in age and is composed of four distinct
units, which are present at outcrop sites in Northwest Arkansas. The following is a description
of the accepted members of the St. Joe, ascending upward in section. The Bachelor is a thin,
green shale at the base of the Mississippian, often appearing no more than 6 inches in thickness.
This shale is thought to be green caused by glauconite content and is used as a marker bed in
outcrop studies, since it is regionally persistent (Manger, 2014). Next in the St. Joe Formation is
the Compton limestone. This is a pure limestone commonly containing karst features. Its
secondary porosity makes this unit important as a reservoir in Mississippian petroleum
production, as well as an important part of the shallow aquifer system in Arkansas and Missouri
(Brahana, Personal Communication). The Northview shale is next in the St. Joe Formation. It is
a limey shale unit, which serves as a permeability barrier in the St. Joe, thus contributing to the
development of St. Joe karstic secondary porosity. The uppermost unit in the St. Joe Formation
is the Pierson. It is a pure limestone made up of skeletal debris, mostly from crinoids, almost
completely free from terrigenous sediments. Together with the Compton, this unit forms the
majority of the karst features visible along the Mississippian outcrop belt (Brahana, Personal
Communication). Both the Compton and the Pierson consist almost entirely of skeletal debris
flows, mainly crinoid fragments. The St. Joe Formation is generally considered to be the chertfree member of the Boone, however, the Pierson and Compton members are known to
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occasionally contain chert. (Mazzullo, 2013) The entire St. Joe Formation is typically between
30 and 100 feet in thickness.

5.2 Boone Formation
Next in the Mississippian sequence is the Osagean age Boone Formation, resting
conformably atop the St. Joe Formation. The Boone formation is typically overlain by the
Chesterian and Meramecian sections, however, these units are entirely truncated in Osage
County, Oklahoma. The Boone formation therefore composes the majority of the Mississippian
in Osage County.
The Boone is divided into the upper and lower sections, based on the type of chert present
(Figure 10). Volcanic ash is likely the source of silica for the Boone, with ash fall likely
occurring throughout the Osagean period from an island arc system to the south (Tarr, 1926).
The lower Boone contains penecontemporaneous chert, while the upper Boone has diagenetic
replacement chert (Manger, 2014).

18
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Figure 10: Stratigraphic column for northwest Arkansas with the Boone highlighted in red (A). The varieties of chert present in
Boone outcrops: Tripolite in outcrop (B) and a closer image (C), the upper Boone in outcrop (D) and a closer image (E), and the
lower Boone (F) and a closer image (G).

5.2.1 Lower Boone
The lowermost Boone Formation is termed the Reed Springs in Missouri and Kansas (Minor,
2013). This is a very cherty limestone formation, often containing 50-75% total chert. The
penecontemporaneous chert in this formation is dark in color, typically ranging from dark blue to
black, is often highly fractured and can be strongly bedded (Figure 11). The fractures in this
chert do not extend into the surrounding limestone matrix, therefore the high degree of fracturing
of this dark chert is speculated to be from shrinkage during diagenesis (Manger, 2014). The high
percentage of chert through this relatively thick interval implies a large silica supply consistent
with a volcanic ash source. During the Early Mississippian a volcanic arc associated with the
Ouachita orogeny was present to the south and east of modern day Osage County, Oklahoma.
Prevailing westerly winds would have directed a significant portion of the volcanic ash fall
toward the Mississippian carbonate platform/shelf complex, thus providing a source for the large
amount of chert visible in the section (Manger, 2014). The chert was thought to have been
deposited as amorphous silica gel, likely nucleating around existing sponge spicules (Manger,
2014). During burial, the soft lime mud and gel-like silica underwent soft sediment deformation,
resulting in the nodular, discontinuous beds seen in the modern section. Dewatering during
diagenesis is caused by the recrystallization process, which transformed the unstable amorphous
silica gel usually containing 6-10% water (Kastner, et.al 1977), into opal CT and finally
microcrystialline silica called chert (Knauth, 1979). Instability caused by the associated volume
change fractured the chert and allowed fluid to intrude into the formed space. The intruding
fluids then infilled the resulting fractures with veins of calcite and chalcedony (Manger, 2014).

20

The resulting section is an exceedingly hard, tight unit composed of bedded black chert and very
fine grained, light gray limestone.

21
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Figure 11: The lower Boone made up of fine grained materials, including dark chert and lighter limestone. Veins of calcite and
quartz infill chert nodule fractures, causing a blotchy pattern. Photo taken at a roadcut in Bella Vista, Arkansas. (From: J. Gist)

5.2.2 Upper Boone
The upper Boone sits conformably atop the lower Boone and is also composed of limestone
and chert from the same origins, although by different processes. The divisions recognized in
Missouri and Kansas separate the Upper Boone into three units; the Elsey, the Burlington, and
the Keokuk (Mazzullo, 2013). The Elsey is similar to the Burlington and Keokuk, though said to
be higher in chert content. The only definitive way to differentiate the Burlington from the
Keokuk in outcrop is the presence of the Short Creek Oolite, which appears at the top of the
Osagean (Manger, 2014). Along the four-state area outcrop belt, the Burlington and Keokuk
units are so similar that they are typically lumped into one unit, the Burlington-Keokuk. The
type localities for the Burlington and Keokuk Formations are located in Iowa, a great distance
from Osage County, thus bringing into question the applicability of these terms in the
Mississippian Play.

To avoid the confusion associated with the distinguishing Burlington,

Keokuk, and Elsey units, this interval will simply be referred to as the upper Boone.
The upper Boone is composed of bedded limestone with some intervals replaced by chert
(Figure 12). In contrast with the penicontemperaneous nature of chert in the lower Boone, the
chert here is considered to be a replacement phenomenon, and often contains fossil casts of
crinoids and other skeletal fragments (Minor 2013). Since it contains silicified fossils, the chert
here must have been deposited simultaneously with the dissolution of the original carbonate,
rather than filling voids left by earlier dissolution, a process which would have not preserved
fossil evidence (Manger, 2014). The silica charged water is thought to have infiltrated along
bedding planes, which are prevalent in the upper Boone, slowly replacing carbonate with chert.
The replacement process likely first affected smaller particles of carbonate, which have larger
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relative surface area. In intervals where silicification was incomplete, this selective replacement
process allowed carbonate particles to be preserved within altered intervals.

24

25
Figure 12: The upper Boone at this location is composed of alternating of light replacement type chert and comparatively darker gray
limestone. Photo taken at a roadcut in Bella Vista, Arkansas. (From J. Gist)

5.2.3 Chat
The Mississippian section present in Osage county, OK is equivalent to the Osagean, as the
entire Meramec and Chester sections are truncated at the Mississippian/Pennsylvanian
unconformity. The top of the Osage, along the Mississippian/Pennsylvanian unconformity is
often irregular due to erosion that took place beginning in the late Mississippian and early
Pennsylvanian. The highly irregular surface at the Mississippian-Pennsylvanian boundary can be
seen clearly on seismic lines (Figure 13). At this unconformity it is common to find upper
Boone intermixed with large clasts of sandstone and shale from the lower Pennsylvanian section.
Clasts may include brecciated chert, triploitized chert, unaltered limestone, sandstone, and shale.
Clasts are often angular to sub-angular and typically lie within a mud matrix. These deposits at
the unconformity are often explained as either a weak paleosol/regolith facies or an
autobrecciated facies (Watney, 2001).

Either way, the Chat is likely associated with

paleotopographic highs, where the effects of weathering and meteoric water were the greatest,
unless Chat is Tripolite whose silica is sourced from depth along fractures (Liner, 2014). In
some locales, the Chat has been described as paleo-regolith zones, which would have formed
along the paleotopographic high areas where the Mississippian section was directly subjected to
subareal exposure (Mazzullo 2013). The brecciated zones are probably related to collapse
features formed by paleokarst near the top of the Mississippian section (Watney, 2001).
Standard karst features, however, are typically limited in scale, while the Boone phenomena are
widespread and are common all along the carbonate shelf margin. One explanation is that these
are features formed from the collapse of flank-margin caves, which can be much more regional
in scale (Mylroie, 1990). Flank margin caves are formed near a coastline, either at the water
26

table or at depth along the interface of fresh and salt water. This interface forms somewhat of a
barrier and the two water types do not readily mix with one another. Organics often accumulate
along this interface and decompose, forming sulfates and therefore sulphuric acid. The acids
formed will then greatly accelerate dissolution rates of soluble limestone along the interface.
This accelerated dissolution occurs all along the coast, therefore giving rise to widespread, flankmargin cave systems that extend across the region (Mylroie and and Carew, 1990).
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Figure 13: Seismic inline from the Wild Creek 3D seismic survey in Osage County, Oklahoma. The top of the Mississippian is
associated with an unconformity and is highly irregular, exhibiting signs of erosion and collapse karst features (From Benson, 2014).

5.2.4 Tripolite
The Tripolite facies of the Mississippian have excellent reservoir characteristics.

The

Tripolite of the Mississippian play has been described as some of the best reservoir rock in the
midcontinent. Tripolite is an altered, highly permeable form of chert with porosity up to 40%
that is highly discontinuous. Though it is widespread in occurrence, Tripolite tends to form podlike structures (Benson, 2014) which are limited in areal extent (Figure 14). The sporadic nature
of Tripolite occurrence supports the theory that this facies is an altered form of chert and that its
high porosity is a secondary feature. There is debate, however, regarding the exact nature of the
alteration that the Tripolite has undergone, and even its stratigraphic placement in the
Mississippian section.
“The key to tripolitic chert formation is the initial presence of disseminated carbonate in
the chert.” (Tarr 1926) This is the earliest statement to describe the nature of the Tripolite as a
carbonate-silica composite.

Additionally, in the lead-zinc mining districts of southwestern

Missouri, the Tripolite was referred to as “cotton rock” and described as a mixture of limestone
and chert. In certain locations, it has been apparently leached of its carbonate, forming a high
porosity unit (Mcknight et. al, 1970). The Tripolite is generally believed to be the product of
partial chert replacement of existing limestone. Later leaching of the remaining carbonate gives
rise to the low density, white lithologies known as Tripolite (Figure 15).
The units which are destined to become Tripolite were originally deposited as limestone
during a high stand event. During regression, sea level dropped, allowing the development of a
groundwater system.

Volcanic ashfall was easily mobilized by meteoric water, due to its

unstable amorphous state, resulting in near-surface water charged with silica. This silica-rich
water infiltrated the subsurface as groundwater and facilitated a partial, molecule by molecule
29

replacement of the limestone parent unit (Manger, 2014). This replacement phenomenon is the
same process which is known to have produced the light colored chert of the upper Mississippian
section. This process was only partially successful in Tripolite intervals, resulting in a rock
composed of some mixture of silica and calcite. Then, sometime after alteration, presumably in
the late Mississippian or early Pennsylvanian, the Mississippian section was uplifted. Meteoric
water was subsequently allowed to leach through the partially altered limestone units, dissolving
away any remaining calcite and thus resulting in a highly porous rock composed entirely of silica
(Minor, 2013).
Though other intervals exist, the most prevalent section of Tripolite is at the base of the
upper Boone. This placement corresponds to the location of the regional paleo water table. The
lower Boone acts as a permeability barrier, allowing an unconfined aquifer system to develop
along the contact of the upper and lower Boone. It is thought that prolonged contact with
meteoric water facilitated the solution of remaining carbonate, in those areas where chert
replacement was incomplete, thus forming Tripolite (Manger 2014). Other intervals of Tripolite
can also be explained by a paleo water table. Tripolite formed at the top of the Boone could be
from a perched aquifer at the Mississippian/Pennsylvanian boundary, with the relatively tight
Mississippian acting as an aquitard to the water percolating through Pennsylvanian sandstones.
Tripolite is also known to form, to a lesser degree, at other intervals within the upper Boone.
These floating intervals of Tripolite can be attributed to perched aquifers, which are common
throughout the Boone Formation. Since the Tripolite is a partial chert replacement phenomenon,
it should only occur in the upper Boone, where the chert content is known to be a replacement
facies.
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Some assert that the Tripolite is simply a form of chert which was altered by weathering
(Mazzulo, 2013). This model would allow for any interval of chert, subjected to significant
weathering, to potentially become tripolitized, as the Mississippian section underwent periods of
subareal exposure between times of deposition, with associated weathering of the exposed chert
facies, altering to Tripolite.

The explanation is, therefore, that each intereval of Tripolite

throughout the section represents a separate period of subareal exposure of the section. Since
Tripolite can form in any variety of chert according to their hypothesis, the largest intervals of
Tripolite should coincide with the largest occurrences of chert, i.e., the Reed Springs Formation
(Mazzullo 2013). This theory implies several unconformities throughout the Boone to explain
periods of exposure. The boundary of each facies in the Mississippian section is assigned an
unconformity, and several additional unconformities are placed within continuous facies,
marking the periods of erosion necessary to uphold the idea of inter-depositional tripolitization.
There are several problems with this theory, however. This theory places several
unconformities throughout the section, which would imply an erosional boundary or significant
change in lithology, neither of which are visible within this section. Stratigraphically, the entire
Boone section was deposited on a single third order transgressive-regressive cycle (Manger,
2014). There is therefore not sufficient evidence to suggest large fluctuations in sea level
required for cycles of deposition and exposure required to place unconformities within the
Mississippian section (Figure 16).

Furthermore, the boundaries labeled as angular

unconformities are much more likely to be onlapping phenomena, resulting from lobate sediment
deposition. Also, according to this model, the Tripolite development should exhibit strong
gradational heterogeneity due to top down alteration during the alleged exposure periods. Since
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the Tripolite shows no signs of top down gradational development, it is therefore not likely that it
was developed in a top down fashion along an exposure surface.
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Figure 14: A 3D image from the Wild Creek seismic survey, showing the structure of the top of the Mississippian. The colors
represent amplitude at the top of the Mississippian, with the hot colors being a greater negative amplitudes (From Benson, 2014).
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Figure 15: Example of how Tripolite appears in outcrop. This particular Tripolite interval is located at the base of the lower Boone,
which appears near the top of the photograph. Photo taken at a roadcut in Bella Vista, Arkansas. (From J. Gist)

Figure 16: Relative global sea level and corresponding geologic time, with the study interval
highlighted in red (modified from Manger, 2014).
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6. Rock Mechanics and Methods
6.1 Data Description
This study includes four wells with dipole sonic and bulk density log data. Two of these
wells, located in Osage County, Oklahoma are the Spyglass Shaw 1A-8 and the Lawco Gray #213H. The remaining two wells, located in adjacent Chautauqua County, Kansas are Nemaha
wells Lampson 2A-23-32-9 and Massey 2A-18-34-9. Data points in these wells were collected
at six inch intervals through the Mississippian section. Therefore, each log through the roughly
300 feet of Mississippian present provides approximately six hundred data points. Since each of
the four wells contains logs for both compressive and shear slowness, as well as bulk density,
there is a total of nearly 7200 data points included within this study. The Shaw well dominates
the study as it was originally the only dipole sonic well included. The other three wells came
late to the study and were incorporated for correlation purposes.
The important well tracks are slowness, both compressive and shear, as well as bulk
density, all given in imperial units: slowness in microseconds per foot, and density in grams per
cubic centimeter. By manipulating the raw data, primary and secondary elastic parameters can
be computed.
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6.2 Converted Quantities
Vp/Vs
The raw data must be converted into consistent SI units before they can be manipulated.
Sonic and density log data have units of µs/ft and g/cc, respectively. These were converted to Pwave velocity Vp (m/s), S-wave velocity Vs (m/s), and density (ρ in kg/m3). Figure 17 shows the
three converted quantities computed through the Mississippian for the Spyglass Shaw 1A-8 well.

Conversion for velocity:

Where Vp = P wave velocity in meters per second (m/s)
DT = Compressive Slowness in microseconds per foot (µs/ft)
(Conversion for Shear velocity is done by the same calculation.)

Conversion for density:

Where ρ = Density in kilograms per cubic meter (kg/m^3)
ρb = Neutron density given in grams per cubic centimeter (g/cm^3)
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Figure 17: Converted quantities for the Shaw 1A-8 well. (A) P-wave velocity (Vp), (B) S-wave
velocity (Vs), and (C) Bulk Density (ρ). The yellow interval represents the Mississippian Chat.
The blue interval represents the un-discriminated Dense Lime section of the Mississippian. The
brown and purple intervals are shown for reference and represent the Pennsylvanian and
Arbuckle sections, respectively.
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6.3 Independent mechanical parameters
Lambda/Mu
Given measured (Vp, Vs, ρ) we can calculate the two independent isotropic elastic
coefficients. These are the Lame’s parameter (λ) and Shear modulus (μ). Lame’s parameter is
computed from P and S-wave velocities, it is sensitive to matrix and fluid effects (P waves
propagate through solid and fluid media). Shear modulus, however, involves only S-wave
velocity and is therefore not sensitive to fluid effects (S waves travel through solids only). The
parameters λ and μ are the only two independent isotropic elastic parameters, from which all
dependent attributes are derived (Goodway et al. 2007). The difference between λ and μ may
represent a fluid effect in the reservoir. Plotting the difference of these two parameters would
show the relative fluid effects through the reservoir and, based on the direction of curvature,
could be used as a fluid descriminator.

Figure 18 shows λ, μ, and their difference (λ-μ)

computed through the Mississippian for the Spyglass Shaw 1A-8 well.

Computation for Lame’s parameter (λ):

Where λ = Lame’s Parameter in Giga-Pascals (GPa)
Vp = P-wave velocity in meters per second (m/s)
ρ= Density in kilograms per cubic meter (kg/m3)
µ= Shear modulus in Giga Pascals (GPa)

Computation for Shear modulus (μ):

Where µ = Shear modulus in Giga Pascals (GPa)
Vs = S-wave velocity in meters per second (m/s)
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ρ = Density in kilograms per cubic meter (kg/m3)

Figure 18: Comparison of independent elastic parameters for Shaw 1A-8 well. (A) Lame’s
parameter (λ), (B) Shear Modulus (μ), and (C) and the difference of the two parameters λ-μ. The
difference between independent parameters λ and μ is considerable throughout the Mississippian
section, highlighting fluid effects.
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6.4 Dependent Parameters
Young’s Modulus, Poisson’s Ratio
Given the elastic parameters λ, μ, and ρ, it is possible to calculate dependent elastic
parameters, specifically Young’s modulus (E), Poisson’s ratio (σ) and Bulk modulus (k).
Poisson’s Ratio is useful as it demonstrates the potential of a rock to fail when stressed (Rickman
et al., 2008). Young’s modulus is also practical as it is a property of ultimate rock strength and
relates directly to the potential to maintain an induced fracture (Rickman et al., 2008). Bulk
modulus quantifies the compressibility of a material. Once computed, these parameters can be
combined together with λ and μ in a multitude of ways, thus allowing us to create customized
well tracks for a given interval (Liner, 2004). Figure 19 shows three dependent parameters
computed through the Mississippian for the Spyglass Shaw 1A-8 well.

Computation for Young’s modulus (E):

Where E = Young’s modulus in Giga-Pascals (GPa)
λ= Lame’s Parameter in Giga Pascals (GPa)
µ = Shear modulus in Giga Pascals (GPa)
Computation for Poisson’s ratio (σ):

Where σ = Poisson’s ratio (dimensionless)
λ= Lame’s Parameter in Giga Pascals (GPa)
µ= Shear modulus in Giga Pascals (GPa)
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Computation for Bulk modulus (k):

Where k = Bulk Modulus in Giga-Pascals (GPa)
λ= Lame’s Parameter in Giga-Pascals (GPa)
µ= Shear modulus in Giga-Pascals (GPa)

Figure 19: Dependent elastic parameters for the Shaw 1A-8 well. (A) Young’s modulus (E), (B)
Poisson’s ratio (σ), and (C) Bulk modulus (k).
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Brittleness
It is useful to consider other elastic properties such as brittleness. Brittleness is not an exact
scientific term with a fixed definition such as Poisson’s ratio. There have been many attempts to
combine the two independent mechanical parameters in a manner that will define the brittleness,
and therefore fracability, of a rock interval. Rickman et al. (2008) defined brittleness (B1) in
terms of Young’s Modulus (the potential for the rock to maintain induced fractures) and
Poisson’s ratio (potential for the rock to fail when stressed). In a crossplot, a brittle rock defined
in this way would occupy a zone of high Young’s modulus and low Poisson’s ratio (Figure 20).

Computation for Rickman et al. Brittleness (B1):

Where B1 = Brittleness as defined by Rickman et al. (2008)
E = Young’s modulus in Giga-Pascals (GPa)
σ = Poisson’s ratio (dimensionless)
It is curious to note that this definition mixes dimensional (E) and dimensionless (σ) quantities.
If we want a dimensionally correct parameter that rewards large Young’s modulus and small
Poisson’s ratio, a good start would be B=E/σ which has units of GPa.

43

44
Figure 20: Crossplot of Young’s modulus and Poisson’s ratio with red arrow indicating direction of increasing brittleness as defined
by Rickman et al. (2008).

Another brittleness index (B2) defined by Goodway et al. (2007), uses λ and μ to define
brittleness as rocks with high λ and low μ (Figure 21).

Computation for Goodway et al. Brittleness (B2):

Where B2 = Brittleness as defined by Goodway et al. (2007)
λ= Lame’s Parameter in Giga-Pascals (GPa)
µ= Shear Modulus in Giga-Pascals (GPa)
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Figure 21: Crossplot of λ and µ, with red arrow indicating direction of increasing brittleness as defined by Goodway et al. (2007).

Yet another Brittleness index comes from combining density with Young’s modulus,
with the idea that the brittleness of a rock is related directly to both Young’s modulus and
density (Sharma and Chopra, 2012). That is to say, a brittle rock occupies a crossplot zone of
high Young’s modulus and high density (Figure 22). This study has computed all of these
defined brittleness indices and uses them to help identify zones through the section of interest
which will then be correlated across the study area. Figure 23 shows the three Brittleness indices
computed through the Mississippian for the Spyglass Shaw 1A-8 well.

Computation for Sharma and Chopra Brittleness (B3):

Where B3 = Brittleness as defined by Sharma and Chopra (2012)
E = Young’s Modulus in Giga-Pascals (GPa)
ρ = Density in kilograms per cubic meter (kg/m3)
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Figure 22: Crossplot of Young’s modulus and Density, with red arrow showing the direction of increasing brittleness as defined by
Sharma and Chopra (2012).

Figure 23: Brittleness for the Shaw 1A-8 well. (A) Rickman et al. (2008) definition based on
(E, σ). (B) Goodway et al. (2007) definition based on (λ, µ). (C) Sharma and Chopra (2012)
definition based on (E, ρ).
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7. Results and Correlations

7.1 Zone discriminators for the Mississippian
Using the computed elastic quantities, Lambda, Mu, Young’s Modulus, Bulk Density,
and Natural Gamma, seven divisions of the Mississippian have been defined. These zones are
most apparent in Young’s Modulus (E) computed through the section and represent what appear
to be mechanically distinct intervals through the Mississippian. These intervals may represent
changes in rock strength, lithology, or fluid content. The boundaries of these mechanical zones
may represent aquitards as well, which are important controllers of compartmentalized
unconventional reservoirs. Of the parameters computed for the Mississippian section, four were
selected to discriminate mechanically significant zones. These are (ρ, λ, µ, E) as shown in
Figure 24.

7.2 Log Overview
Natural Gamma logs (Figure 24A) are a common tool used to indicate lithology. Gamma
logs are not necessarily suited to discriminating rock mechanical properties, but they are useful
to help discriminate clay rich lithologies. This is an important tool in any unconventional
drilling operation, since clay rich lithologies tend to have more ductile behavior and do not
respond as well to hydraulic stimulation (Rickman et al., 2008).
The Bulk Density log (Figure 24B) was selected in an attempt to identify zones of Chat
development.

The density log would also help to determine whether a Chat interval was

composed of high quality Tripolite or relithofied regolith facies. Any development of secondary
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porosity would be evident on a density log, since enhanced pore space would lower the overall
density of a rock unit.
Lame’s Parameter (λ) (Figure 24C) and Shear modulus (µ) (Figure 24D) are two
independent mechanical parameters computed for the section. Lame’s Parameter is derived from
P-wave velocities, which are affected by both lithology and pore fluids. Shear modulus is
derived from S-wave velocities, which are sensitive only to lithology unaffected by fluids. By
comparing these two curves it is possible to identify fluid effects through the Mississippian
section. Fluid effects could help determine mechanically relevant zones since zone borders in
the impermeable limestone and chert facies of the Mississippian often act as aquitards. In
northwest Arkansas and southwest Missouri, the Mississippian forms part of a regional
freshwater aquifer system. Numerous perched aquifers form along permeability barriers which
are usually associated with a change in lithology, such as an increase in chert or shale content
(Brahana, Personal Communication). Similar facies changes in the subsurface would serve to
compartmentalize the Mississippian section into a series of reservoirs, which should become
visible when comparing λ and µ.
Young’s modulus (Figure 24E) is an important quantity which quantifies the yield
strength of the lithology. The values of Young’s modulus are related to a number of things
including the hardness of the lithology and the cohesiveness of the rock unit. Trend changes of
the Young’s modulus log curve may represent transitions between intervals of differing yield
strength. An interval of high yield strength likely represents a cohesive lithology composed of a
hard rock type, such as the tight, hard chert and limestone of the lower Boone. An interval with
a low Young’s modulus likely has an increase in shale content, but could also represent a
relithified regolith interval. The latter would likely contain variations in the Young’s modulus
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curve associated with regolith heterogeneity. Any significant variations in Young’s modulus
may affect both reservoir properties and response to hydraulic stimulation of a given interval.

7.3 Zone Divisions
Zone 1 was simple enough to discriminate from the rest of the Mississippian. This is the
Chat interval, placed at the top of the section. It is characterized by large fluctuations and a
highly distinct signature on all of the discriminating logs, most notably a high Natural Gamma
value and a low Bulk Density. The Chat facies is highly discontinuous and not present in many
locations, but its significance as a reservoir interval makes it one of the most important zones of
the Mississippian section. High Gamma response indicates significant shale or clay minerals,
implying that this zone more likely represents a regolith facies than Tripolite for the Shaw 1A-8
well.
Going downward in the section, Zone 2 was discriminated using the difference between λ
and µ logs. This section is characterized by a decreasing trend of λ and a gradually increasing µ.
The difference between these trends is an indicator that this zone is influenced by pore fluids.
Trends in Young’s modulus along with further differences between λ and µ were used to
discriminate Zone 3. This zone is notable for its widely fluctuating λ and gradually increasing µ
and Young’s modulus. The fluctuations between λ and µ are considerable, indicating strong
fluid effects within this zone. The gradually increasing trend of Young’s modulus may be
associated with an increase in the frequency of nodular chert occurrence.
Zone 4 is also discriminated using λ and µ deviation in conjunction with Young’s
modulus. Young’s modulus shows a considerable increase in this zone and reaches a peak value
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for the Mississippian section. This is likely due to elevated chert content, and possibly a
transition from nodular to bedded chert. Relatively strong deviation between λ and µ thorough
this zone indicates another interval influenced by fluid effects. The high Young’s modulus and
fairly constant Bulk Density indicate that, despite the apparent fluid effect, there is not likely to
be much porosity development within this zone.
A slight peak in Natural Gamma, along with a sharp decrease in Young’s modulus,
indicates that Zone 5 has an increase in shale content, since shale typically has more clay
minerals and a lower rock strength. The lack of variation in the Bulk Density log rules out the
possibility that the decreased Young’s modulus could be associated with porosity development
within this zone. Slight variation between λ and µ may indicate a weak fluid effect here but
nothing as significant as seen in other zones.
Consistently high values for Young’s modulus and Bulk Density define Zone 6. Along
with consistently low values for Natural Gamma, these logs indicate that this is likely chert rich
zone, possibly composed of strongly bedded chert. Variations between λ and µ indicate a fluid
effect, though the constant values for Bulk Density suggest that there is not likely to be much
porosity development in this zone.
Zone 7 forms the base of the Mississippian section in Osage County, Oklahoma. It is
discriminated by strongly decreasing trends in Young’s modulus, λ and µ. Coupled with an
increase in Natural Gamma, these trends imply in increase in shale content at the base of this
zone. Variations between λ and µ within this zone, especially in the upper half, imply moderate
fluid effects, which decrease at an inverse relationship with the increase in shale content toward
the base of the zone. As the base of the Mississippian, this zone may be an equivalent of the St.
Joe Formation.
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Figure 24: Mississippian lime section of Spyglass Shaw 1A-8 well subdivided into seven mechanical units. See text for discussion.

7.4 Density of Tripolite
Computation for Tripolite Density

Where ρR = Rock Density
ρm = Mineral Density
ρf = Pore Fluid Density
ϕ = Porosity
Given the values ρm = 2.65 (for silica), ρf = 1g/cc (for water or light oil), ϕ = 0.35 (for 35%
porosity Tripolite), substituting into the original equation gives:
ρR = 2.65*(1-0.35) + 1*0.35 = 2.07 g/cc

According to the above calculation, an interval composed of Tripolite would have a density
close to 2.1 g/cc. The best example of such an interval in the study area is the Lawco Massey
2A_19_34_9 well (Figure 25). The top thirty or so feet of the Mississippian in this well are
picked as Chat, an informal drillers term which could refer either to Tripolite or to a relithofied
regolith facies. The density values of this section are very low with minimum values close to 1.9
g/cc, making it very likely that the Chat in this interval is a high quality Tripolite rather than a
regolith facies. The Spyglass Shaw 1A-8 well also has relatively low density values through its
roughly fifty feet of Chat at the top of the Mississippian section, but minimum values too high
(2.35 g/cc) for Tripolite. The Chat in this well is more likely to be a relithofied regolith facies
than a high quality Tripolite. The Nemaha Lampson 2A_32_23_9 and the Lawco Gray #2H13
wells do not display the same variations in density seen in the aforementioned wells, implying
that there is not likely to be any Tripolite development visible in these two well locations. In
other locations in the Mississippian play, there are instances of internal Tripolite development
where an interval of Tripolite seems to develop at some depth within the Mississippian section
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(Benson, 2014). Displaying relatively constant density curves averaging 2.6 g/cc, the four wells
in the study area show no signs of such Tripolite development within the dense lime section.
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Figure 25: Comparison of density values for each of the four wells included in the study area. Zone one shows a maximum thickness
of Mississippian Chat (D), a Probable Tripolite interval (C), and is likely absent in both (A) and (B).

7.5 Zone Correlation
Once the zones were defined through the section, an attempt was made to correlate these
zones between the four wells in the study area (Figure 26). The curve patterns for most of the
defined zones were detectable in each of the wells, however, their thicknesses vary considerably.
This is likely a result of variations in the complex depositional system and later diagenesis. The
seven defined zones correlate most easily between the Spyglass 1A-8 well and the Nemaha
Massey 2A_18_34_9 well, with the Lawco Gray #2H-13 well also correlating fairly well, while
the Nemaha Lampson 2A_32_23_9 well is the most difficult correlation. Most of the seven
defined zones correlated between the four wells, with the exception of Zones 1 and 6. Zone 1 is
the Chat, which is highly discontinuous and appears as only a very thin interval in the Nemaha
Lampson and Lawco Gray wells. It is probable that the Chat is absent entirely in these two
wells, and the thin interval which is thought to be Chat is actually an edge effect seen by the
measurement tool. Zone 6 is the other interval which did not fully correlate across the study
area. Though it appears very distinctly in three of the four wells, it is entirely absent in the
Nemaha Lampson 2A_23_23_9 well. The other five mechanically distinguished zones seem to
correlate fairly well across the study area.
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Figure 26: Correlation of the mechanical zones for the four in the study area as shown in Figure 1. The zones correlate well across
the study area but vary in thicknesses.

7.6 Brittleness Attributes
The intentions of this study originally were to use petrophysical logs computed for
brittleness to aid in discriminating mechanical zones. Once brittleness was computed, according
to definitions in the literature, it quickly became clear that these brittleness attributes did not
offer any new information. The brittleness described by Goodway et al. (2007) generated a
curve nearly identical to Poisson’s ratio (Figure 27). Additional brittleness attributes described
by Rickman et al. (2008) and Sharma and Chopra (2012) generated curves effectively identical
to Young’s modulus, from which they are computed (Figure 28). The only major difference
between these three Brittleness attributes and the parameters they are generated from is a simple
shift in scale. Since there was essentially no new information provided from the attributes
generated for brittleness, they were not used to aid in any interpretation or discrimination of
mechanical zones through the Mississippian section.
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Figure 27: Brittleness comparison for the Shaw 1A-8 well. (A) Poisson’s ratio (σ). (B)
Goodway et al. (2007) definition based on (λ, µ). The similarity with the original quantity
implies the brittleness curve yields no new information.
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Figure 28: Brittleness comparison for the Shaw 1A-8 well. (A) Young’s modulus (E). (B)
Rickman et al. (2008) definition based on (E, σ). (C) Sharma and Chopra (2012) definition
based on (E, ρ). Since both definitions involve only Young’s modulus, their similarity with the
original quantity implies the brittleness curves yield no new information.
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7.7 Gamma Comparison
The natural Gamma curve is very commonly contained in well log data. Gamma rays are
naturally emitted by clay minerals, thus making a natural gamma ray log a good lithology
discriminator. In carbonate rocks clay minerals compose a very low percentage of the rock unit,
giving very low readings on a natural gamma log, making it difficult to discriminate distinct
zones within a carbonate interval. Figure 29 compares the natural gamma curves for each of the
wells in the study area. Note the low contrast within the Mississippian section on the natural
gamma curves (Figure 29), compared to the curves for Young’s modulus (Figure 26). Since it
has a much higher relief, the Young’s modulus curve appears to be better suited than gamma ray
data for discriminating zones through the carbonate rocks of the Mississippian section.
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Figure 29: Comparison of natural gamma curves for the four wells included in the study area.
Note the low relief of the curves within the Mississippian section.
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8. Conclusions

From the computed suite of mechanical attributes, seven distinct zones were defined through
the Mississippian section.

These zones represent intervals which have unique properties,

whether it is rock strength (Young’s modulus), a change in lithology, or fluid content. Each zone
is likely to have different behavior with respect to hydraulic stimulation and reservoir quality.
The defined zones are persistent throughout the study area of Osage County, Oklahoma and
Chautauqua County, Kansas although zone thickness variations are observed between the four
wells studied.
Brittleness was one attribute computed for each of the wells in the study. It was computed as
described by three papers from literature. Goodway et al. (2007) describes a curve which almost
exactly replicates Poisson’s ratio. Rickman et al. (2008) and Sharma and Chopra (2012) both
describe curves which correlate closely with Young’s modulus. Aside from scale changes,
brittleness curves from these three papers offer no new information and were therefore not
particularly useful for interpretation purposes.
Since it has a much higher relief, the Young’s modulus curve appears to be better suited than
gamma ray data for discriminating zones through the carbonate rocks of the Mississippian
section.
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Appendix
A portion of this study involved finding the average P-wave and Density values through
the Mississippian Chat, Dense Lime, and basal Pennsylvanian sections for the Spyglass Shaw
1A-8 well. This was done in collaboration with a 3D seismic study to compute the vertical
resolution and seismic tuning thickness of the aforementioned sections in the Wild Creek seismic
survey. Below is a figure showing the average values of P-wave velocity and Density marked
with vertical red lines. The average velocity values in m/s are 3731.27, 4212.16, and 5472.84 for
the basal Pennsylvanian, the Mississippian Chat, and the Dense Lime, respectively. The average
density values in kg/m3 are 2577.81, 2489.91, and 2635.10 for the basal Pennsylvanian, the
Mississippian Chat, and the Dense Lime, respectively.
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Future studies in the area of rock mechanics could include a detailed analysis of
crossplots. Examining various zone colorized crossplots, it would be possible to conduct a study
improving rock mechanical zone divisions. Such a study could compare the linear and clustering
trends of defined zones on various crossplots. Zone divisions supported by a colorized crossplot
would show certain patterns according to their elastic mechanical attributes. A zone with little
attribute variation would be expected to form a cluster on the crossplot, while a zone with
trending attributes, such as increasing Young’s modulus, would likely appear linear. By using
this method, future studies could better constrain and provide supporting evidence for
mechanical zone divisions through a given rock interval. Examples of zone colorized crossplots
are given on the following page.
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